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ABSTRACT 

We report results from XMM-Newton and Chandra observations of the nearby (z = 
0.067) giant radio galaxy 3C 35. We find evidence for an X-ray emitting gas belt, 
orthogonal to and lying between the lobes of 3C 35, which we interpret as fossil-group 
gas driven outwards by the expanding radio lobes. We also detect weak emission from 
a second, more extended group-type environment, as well as inverse-Compton X-ray 
emission from the radio lobes. The morphological structure of the radio lobes and 
gas belt point to co-evolution. Furthermore, the radio source is powerful enough to 
eject galaxy-scale gas out to distances of 100 kpc, and the ages of the two features are 
comparable (tsynch ~ 140 Myr, tbcit ~ 80 Myr). The destruction of 3C 35's atmosphere 
may offer clues as to how fossil systems are regulated: radio galaxies need to be of 
power comparable to 3C35 to displace and regulate fossil-group gas. We discuss the 
implications of the gas belt in 3C 35 in terms of AGN fuelling and feedback. 



1 INTRODUCTION 



Radio galaxies are important sources of heating in groups 
and clusters, and feedback by active galactic nuclei (AGN) 
is now considered as t he most likely mecha ni sm t o balance 
radiative cooling ('e.g.. lMcNamara fc Nulsenll2007l l. The hot 
intergalactic medium (IGM) may be directly heated by 
shocks an d sound waves dr i ven by the expansio n of radio 
jets (e.g.. iKraft et all I20l3 : iForman et al.^l2007^ . Cavities 
inflated by the radio jets may also limit the ability of the 
IGM to cool, by doing work on the gas, lifting it out from the 
densest regions of the gro up or cluster (e.g., iBlanton et al.l 
I2OO9I : iBirzan et al] I2OO8I '). To understand the role of fu- 
elling/feedback of AGN, it is necessary to study radio jet 
interactions on all scales, from AGN to group/cluster envi- 
ronments. Nearby radio galaxies are obviously best suited 
to this task. 

One such sourc e is 3C 35, a low- redshift (z = 0.067 , 
Spinrad et al.l Il985l ). low- excitation l|jackson fc Rawling! 



herein 
j 19891 ) 



19971) giant radio galaxy with an e lliptical host. | Orrii et al. 
(|2010l . hereafter OlO) discuss its iFanaroff fc RilevI lll974 
FR) class II radio morphology. Owen fc Lainel 
measure a 178 MHz radio power of Pitsmhz = 



-|^g24.99 w Hz ^ sr ^ , spanning a total angular size of roughly 
12.50. iBurns fc Oweiil (119771 ) classify 3C 35 as lying in an 
open cl uster, coincident to w ithin 2 cl uster radii of a Zw icky 
cluster (|Zwickv et al.|[l96ll ). however iMcHardvl (|l974l ) flnd 
this to be a weak cluster environment and sugg est 3C 35 
proba bly resides in a small group. In contrast, iGuindonI 
l| 19791 ) classified 3C 35 as a non-cluster source based on the 
definition of an Abell or Zwicky cluster. 

In this paper, we report X-ray measurements of a gas 
belt that we argue may be a disrupted fossil-group X-ray 



Corresponding to a linear size of 950 kpc at 2 = 0.067 



halo, as well as diffuse emission in the lobes of 3C 35. Con- 
straining the spectral properties and energet ics of the con- 
stituent relativistic particles in the lobes (e.g. IWorralj|200^ . 
for a review) and the thermodynamical properties of the 
IGM provide useful clues as to the origin of the gas belt. 
3C 35 seems to be the first case where we see the X-ray halo 
of a fossil group being ejected following an interaction with 
the radio structure. 



1.1 Fossil groups and radio galaxies 

Fossil groups are a class of system that has an extended, hot 
gaseous halo encompassing a single giant elliptical galaxv 
but with the gravitatin g mass of a galaxy group ( Hess et al.l 
l2012l :[j ones etal .1120031 ). They are believed to be the merger 
remnants of a galaxy group whose L* galaxies have co- 
alesced, leaving behind an extended gas halo and dwarf 
galaxies (|Dariush et al.ll2007l . and references therein). Fossil 
groups are identified observationally by two cri teria; an ex- 
tende d X-ray source with Lx > 10^^/i~^ erg s~^ (| Jones et al.l 
l2003l ). and an optically dominant elliptical galaxy, where the 
companion galaxies are fainter by two magnitudes in R. The 
lower limit in X-ray luminosity attempts to exclude normal 
bright elliptical galaxies exhibiting a hot coronal gas com- 
ponent, and the magnitude gap in R ensures that a single 
elliptical dominates the system. 

A ^— body simulations su ggest that fossil groups formed 
early (|D'Onghia et al.ll2005l ). assembling half of their total 
dark matter mass at z > 1, with later growth by minor merg- 
ers only, whereas non- fossil groups formed much later. The 
extensive, virialised X-ray halo, lack of ~ L* galaxies and 
the large ma.gnitude gap tend to support this i nterp retation 
(|Jones et al.l 120031 : iMendes de Oliveira et all I2OO6I ). Fossil 
groups are at least as n umerous as all poor and rich clusters 
combined (| Jones et al ] 120031 . contributing significantly to 
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the total mass density of the Universe. iDariush et al] (|2007l ') 
use the Millennium simulation and semi-analytic galaxy cat- 
alogues to trace the formation and evolution of fossil groups, 
and find that fossil groups may be a phase of hierarchi- 
cal evolution, rather th an a final stage of mass assembly 
l|La Barbera et al.|[2009l '). 

Fossil-group halos are hotter and more X-ray lumi- 
nous than n on-fossil groups and clus t ers of similar g r avita - 
tional mass (Khosrosh ahi et al.|[2007l ') . ICroston et aLl (120051 ) 
showed that radio-loud (Li.4ghz > 10^^ WHz~^) non-fossil 
groups are hotter at a given X-ray luminosity than radio- 
quiet groups, ind icating AGN activity is heating the IGM. 
iHess et all (|2012l ) found a weak correlation between 1.4 GHz 
luminosity of radio-loud AGN and the X-ray luminosity of 
the halo, tentatively suggesting that the AGN contributes 
to the energy deposition in the IGM of fossil systems too. 
Two-thirds of their sample have radio-loud AGN, suggesting 
that AGN fuelling continues (or is re-ignited) long after the 
last major merger. 



1.2 Inverse Compton emission 

Lobe radio emission is well described by the syn- 
chrotron process (OlO for 3C35), while the extended non- 
thermal X-ray radiation from the lobes of radio galax- 
ies and quasars detected in many FR II sources is at- 



Brunetti et alj 1997: 


Hardcastle et al."2002': 'Comastri et al.' 


2003: Croston et al 


2005: Hardcastle & Croston 2005: 


Isobe et al.l l2005l: iGoodger et al.l l2008l: llsobe et al.l l201lh. 



Modelling lobe-related iC X-ray emission enables constraints 
to be placed on the electron energy density (we) and mag- 
netic field strength {B) which otherwise cannot be decoupled 
using radio data alone. X-rays from the lobes are a sensitive 
probe of Ue in low-energy electrons within the lobes and, in 
combination with radio mapping, sometimes allow investi- 
gation of positi onal variations in B and the electron ene rgy 
spectrum fe.g.. ICroston et al.ll2005l : iGoodeer et al.l l200^). 

Giant radio galaxies enable exploration of the late phase 
in the evolution of radio jets, as lobe energetics are an im- 
portant indicator of past activity because they accumulate 
the energy deposited by the jets. If the non-thermal particle 
and magnetic field energy densities can be measured from 
the diffuse (iC) lobe emission, estimates can be made of the 
total energy (which is potentially available to be transferred 
to the environment) and the distribution of internal energy 
within the source, without assuming equipartition. This in 
turn constrains the past duration of the active phase of the 
active nucleus. 



1.3 3C35 

3C 35 is an old source: its spectral age is estimated by 
OlO as 143 ± 20Myr. It has been previously observed with 
the X-ray Imaging Spectrometer (XIS) on board Suzaku 
l|Mitsuda et al.ll2007^ ■ revealing fai nt extended X-ray emis- 
sion associated with its radio lobes, llsobe et al.l (|201ll . here- 
after ISll) integrated the Suzaku spectrum within a large 
rectangular region containing the whole radio structure of 
3C 35. They report iC emission associated with the lobes 
(power-law index F — l-35to'86-o.iO' where the first errors 



are due to signal statistics, and the second are from back- 
ground uncertainties), as well as a soft thermal component 
corresponding to thermal plasma emission from the host 
galaxy {kT = l-36toilto°02^'^^)- In the case of giant ra- 
dio galaxies such as 3C 35, the cosmic microwave background 
(CMB) is the dominant source of photons to be iC scattered 
(by relativistic electrons of 7 ~ 10^) up to X-ray energies, al- 
though nuclear photons and starlight are important in some 
sourc es where they are s cattered by lower-ene rgy electrons 
(e.g., iBrunetti et~aL|[l997 : Sta warz et al.ll2003l ). Due to low 
electron densities in the large lobe volumes, the synchrotron 
self Compton p rocess makes a negligibl e contribution to th e 
X-ray flux (e.g.. lCroston et al . 2005; H ardcastle et al.ll2002l ). 

We use new XMM-Newton (hereafter XMM) observa- 
tions and archival Chandra data to investigate an X-ray gas 
belt seen orthogonal to the lobes of 3C 35, and to probe the 
iC properties of the lobes themselves. In Section[2]we briefly 
describe the XMM and Chandra observations and data re- 
duction. The X-ray morphology of 3C 35, and the results of 
spectral fltting are discussed in Sections [3] and |4| In Section 
[5] we present a discussion of our findings. Throughout, we 
use a fiat ACDM cosmology with Q,mQ = 0.3 and Q,m) ~ 0.7. 
We adopt Ho = 70 kms"^ Mpc"\ 



2 OBSERVATIONS AND DATA REDUCTION 

We used archival NRAO Very Large Array (VLA) and Chan- 
dra data in combination with new XMM X-ray data to exam- 
ine the emission mechanisms in the lobes of 3C 35 and probe 
the physical parameters of the gas belt. Our X-ray data have 
improved sensitivity and resolution compared to the Suzaku 
data of ISll. The high spatial resolution of Chandra en- 
ables us to reduce contamination from X-ray background 
sources and to isolate individual source components. How- 
ever, the small Chandra effective area leads to a low number 
of ACIS counts, whereas XMM count rates are higher, en- 
abling analysis of the properties of the X-ray emission and 
electron population as a function of position. 



2.1 XMM-Newton 

2.1.1 Data reduction 

We observed 3C35 with XMM for just under 100 ks during 
February 2011. Data are presented from the EPIC MOSl, 
M0S2 and pn cameras in full-frame mode using the medium 
filter. We reprocessed the Observation Data Format (ODF) 
filefl using the dedicated pipeline chain tasks emohain 
and epchain for EPIC MOS and pn, respectively. We ex- 
tracted single and double events (pattern 0-4) for the pn 
data and up to and including quadruple events (pattern 
0-12) for the MOS data. We make use of the XMM Ex- 
tended Source Analysis Software procedure (XMM-ESAS; 
ISnowden fc Kuntzll201ll ) and the associated current calibra- 
tion files (CCF) which contain filter wheel closed (FWC), 
quiescent particle background (QPB) and soft proton (SP) 
calibration dat£0- 



Data were downloaded from the XMM Science Operations Cen- 
tre (SOC) and analysed using SAS version 11.0.0 
^ ftp: / /xmm.esac.esa.int/pub/ccf/constituents/extras/esas_caldb/ 
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Figure 1. Light curves generated from the 3C35 MOSl, MOS2 
and pn event hsts. The black hne shows the raw data in 60s bins 
for the whole field of view. The red lines show the GTI applied 
'clean' data. 



Table 1. JfMM exposures. The duration refers the total livetime 
of the observation. Net exposure is the good time remaining after 
1.5cr background screening. 



Detector 


Duration (ks) 


Net exposure (ks) 


MOSl 


95.4 


30.7 


MOS2 


95.4 


31.3 


pn 


79.4 


21.4 



The SP component due to solar flares cannot be well 
removed via background subtraction. It is highly variable, 
causing the spectrum to change rapidly with time. Frames 
with high count rates must be excluded, which unfortunately 
can significantly reduce net exposure time. 

2.1.2 Flare cleaning 

In order to create a Good Time Intervals (GTI) file 
and ascertain the severity of the increased solar activ- 
ity on the observation of 3C 35, we followed the pre- 
scription of back ground sc reening outlined in the XMM- 
ESAS guide (S nowden fc Ku ntz 2011) and ran the dedicated 
ESAS tasks mos-filter and pn-filter to generate SP 
contamination-filtered products for the field-of-view data. 
It is clear from the light curves (Figure [T| that high flaring 
dominated much of the observation. A Gaussian was fitted to 
the nominal count rate distribution and a GTI was created 
for those time intervals with count rates within a thresh- 
old value of an acceptable level (±1.5cr. Table [TJ. CCD 
4 on the MOSl detector was operating in an anomalous 
state (the background at E < 1 keV is strongly enhanced) 
and was excluded from subsequent processing, along with 
CCD 6, which previously suffered micro-meteorite dam- 
age. The XMM-ESAS task cheese combines MOS and 
pn data to generate point-source lists (down to a limiting 



fiux of 1.0 X 10~^^ ergcm"'^ s~^), exposure maps and mask 
images for use in creating source- excluded spectra. Tasks 
mos-spectra and pn-spectra were run in order to ex- 
tract spectra from the cleaned event files for a given selection 
region. Finally, the tasks mosJoack and pn_back were run 
to create model particle background spectra for the selected 
regions. The XMM background was estimated using meth- 
ods described in i|4.1.2l Spectra were binned using a mini- 
mum of 50 counts per bin for the MOS and pn instruments, 
over the energy range 0.4-7.2 keV. 

2.2 Chandra 

3C 35 was observed with Chandra using the Advanced CCD 
Imaging Spectrometer (ACIS) on 2009 March 8. The front- 
illuminated ACIS-I3 CCD was placed at the focus of the 
observation, configured in timed exposure and VFAINT 
telemetry mode. The data were reduced using the latest 
Chandra software (ciAO 4.4 and CALDB 4.4.10) following 
the Chandra analysis threadfl We reprocessed the level 
1 event files, applying vfaint filtering. The latest charge- 
transfer inefficiency (GTI) correction and time-dependent 
gain adjustment were applied and a background fight curve 
was produced. The observation did not suffer from back- 
ground flaring, and we selected events of grade 0, 2, 3, 4 or 
6 resulting in a net exposure time of 25.63 ks. The CIAO func- 
tion WAVDETECT was used to identify point sources from a 
0.3-12.5 keV exposure corrected image, and regions around 
62 sources over 4 CCDs were excluded from subsequent spec- 
tral extractions. X-ray spectra were extracted from regions 
using the SPECEXTRACT task, and grouped to a minimum of 
30 counts per bin. 

2.3 VLA 

VLA data taken as part of program AL419 were downloaded 
from the archive. We use 1.42 GHz data from an observation 
made on 1997 August 27th in C array. The radio map was 
made using standard AIPS tasks, with phase self calibration 
and a restoring beam of 14 x 14"(FWHM). Data were com- 
bined using roughly 3 hr of on-source integration time to ob- 
tain a root-mean-square (rms) sensitivity < 0.07mJy/beam 
across the fleld. Contours are shown in Figure [5] 



3 X-RAY MORPHOLOGY 

A heavily smoothed 0.5-7.0 keV, background-inclusive 
Chandra image with point sources excluded is shown in Fig- 
ure [2] with radio contours obtained from our VLA map at 
1.4 GHz overlaid. The X-ray core is weak (we detected 9 
counts in the Chandra data) and offset from the radio nu- 
cleus (OlO) by approximately 0.06", which is within the sys- 
tematic uncertainty of Chandra X-ray astrometry. In order 
to study the morphology of the extended emission, we ex- 
cluded all point sources in the field, including the core, dm- 
FILTH was used to fill in the gap regions with intensities from 
surrounding areas. Figure[2]shows the result after smoothing 
using the CIAO tool ACONVOLVE, with a Gaussian function 

* http:/ /cxc. harvard.edu/ciao/threads/index. html 
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Figure 2. Chandra exposure-corrected image of 3C35 in the en- 
ergy range 0.5-7.0 keV. VLA C-array radio contours at 1.42 GHz 
are overlaid. The peak radio flux is 32.0mjy/beam and contour 
levels are spaced by a factor of 2, the lowest being 0.5 mjy/beam 
(restoring beam size 14 X 14" FWHM). The X-ray data are 
binned by a factor of 4 into pixels of size roughly 2". Point sources 
(including the X-ray nucleus) were removed and the values inter- 
polated from the surrounding pixels using the CIAO tasks WAVDE- 
TECT and DMFILTH. Data are smoothed using the CIAO task ACON- 
VOLVE with a two dimensional Gaussian function of cr = 10 pixels 
(ft! 20"). 




Figure 3. Exposure corrected and background subtracted 
MOS+pn XMM 2.0-7.0 keV (left) and 0.4-1.25 keV (right) im- 
ages. Point sources in the field have been removed, the data are 
binned into 5"pixels and adaptively smoothed by a kernel of 50 
counts. Overlaid are the lowest radio contour from Figure [2l and 
the region used to define the gas belt. 



-|ra;5ir— r- 



-r-1~r 1 1 1 r-r~i 1 r" 



of a ~ 20" as a convolution kernel, and dividing by the expo- 
sure map in order to correct for varying effective area across 
the field. A small X-ray source is offset from the radio core; 
this is extended emission, the X-ray nucleus was properly 
subtracted within an exclusion region of radius 3.5". 

We created an XMM image in the soft energy band 
0.4 - 1.25 keV and the hard band 2.0 - 7.0 keV (the emis- 
sion is dominated by instrumental lines at intermediate ener- 
gies). We applied a correction for residual SP contamination 
to the data and combined the images and background files 
from all three detectors. Figure shows the exposure cor- 
rected MOS-|-pn image, binned into 5"pixels and adaptively 
smoothed. We used an off-source region to estimate an av- 
erage surface brightness of the X-ray background (described 
in ^4.1.2|) . and subtracted this value from the image. 

In both the Chandra and XMM data there is a clear 
detection of faint, diffuse X-ray emission filling the radio 
lobes, suggesting a non-thermal inverse-Compton origin as 
previously reported by IS 11 on the basis of lower-resolution 
Suzaku data. There is no excess X-ray emission associated 
with the radio hotspots. The striking filamentary appear- 
ance of the X-ray emission in Figure[3](left) may be an arte- 
fact of the smoothing, but is evocative of a jet-like channel 
extending to the edge of the northern hot-spot. With the low 
number of counts, however, we cannot pursue this further 
at present. 



I I I ^! I 
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Figure 4. XMM exposure corrected and background subtracted 
MOS-|-pn 0.4-1.25 keV image of the gas belt. The data are binned 
to 5" and adaptively smoothed by a kernel of 50 counts, after point 
sources have been removed. Gridlines are spaced at ARA, AS = 
(1.0', 1.0') and are marked in degrees. 



3.1 Point-spread function 

The XMM PS F is a strong function of off-axis angle and 
photon energy (|Llovd-Davies et al.ll20lil ). becoming asym- 
metric at very large off-axis angles. It is important to know 
the variation of the PSF across the FOV in order to cor- 
rectly define extraction areas for point sources in the gas 
belt. The belt extend s roughly 2 ' from the centre of the field 
of view. In table 2 of iNess et al] l|201ll '). the on-axis in orbit 
1.5 keV PSFs are given as having a FWHM < 12.5"for the 
pn telesco pe and < 4.4"fo r the MOSl and 2 detectors. In 
figure 9 of iDahlenj (|l999l ) the radius at which 90% of the 
total energy of a point-source is encircled (W90) is plotted 
against off-axis angle for different energies. W90 for 1.5 keV 
at 2' is approximately 15". 
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Figure 5. Chandra postage stamps of 4 gas belt exclusion re- 
gions. Pixels are 0.492 arcsecond square, and data are displayed 
according to their energy (red 0.2-1.5 keV, green 1.5-2.5 keV, blue 
2.5-8.0 keV). The positions of the three regions are shown in Fig- 
ure [B] 



We modified the XMM masks to include also all sources 
detected in the Chandra data, increasing the minimum ra- 
dius of a point-source to 15" in order to take into account 
the PSF increase off-axis. Less than half of the point sources 
detected in the Chandra data were detected in the XMM 
data. Figure |4] shows the gas belt in the XMM data after 
point sources have been excised and the data have been 
heavily smoothed. There is a clear detection of X-ray counts 
in the belt region. 

3.2 Gas belt 

In both the XMM and Chandra data, particularly at soft 
energies, we find evidence of an X-ray gas belt constraining 
the central radio emission from the lobes of 3C 35. Gas cavi- 
ties associated with the radio lobes are not seen, in contrast 
to many cluster sources (e.g.. 'Raffe rtv et al.ll2006l ). and no 
extended thermal emission has been previously separated 
spatially in the field of 3C 35. The belt emission is detected 
out to about 170 kpc from the core, and it is coincident with 
a deficit in the radio emission (Figures [2] and [3|. We defined 
a region for spectral extraction by eye, making use of the 
radio contours as a guide to capture the 'dog-bone' shape of 
the belt emission. 

In addition to the core, four point sources unresolved 
in the Chandra data (Figure O and detected with wavde- 
TECT, are embedded within the gas belt. We examined the 
Digitized Sky Survey {DSS, Figure^ and found that one of 
these X-ray sources is associated with extended optical emis- 
sion (source 3). Sources 1 and 4 are confirmed as foreground 
stars, whereas 2 has no optical detection. 

The Hubble Space Telescope (HST) Wide Field Plane- 
tary Camera 2 (WFPC2f| 5500A images of 3C 35 are avail- 
able in the archive (proposal ID 6967, P.I Sparks, W). 
We examine the calibrated (cosmic-ray free) science image, 
and confirmed the object marked within the red circle in 
Figure |5] to be a galaxy, probably a companion of the host 
galaxy of 3C 35. This is further discussed in tj5.3.1l 

^ http: / / www.stsci.cdu/hst / wfpc2 / 
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Figure 6. DSS red image at 6100A(Second Palomar Observatory 
Sky Survey (POSS-II)) of the gas belt. Overlaid are positions 
of point sources detected with the CIAO task wavdetect. The 
outline of the gas-belt region as defined by the X-ray data is shown 
in black and the Chandra chip gaps lie within the dashed parallel 
black lines. X-ray point source 3 in the gas belt is identified as a 
galaxy by eye. Gridlines are spaced as in Figure |4] An adjacent 
galaxy undetected in X-rays is marked by the red circle. Inset: 
Zoomed image of regions 1-3; 2. has no optical counterpart. 



4 SPECTROSCOPY 

X-ray spectra were fit with XSPEC 12.7.0 (|Arnaudlll99^ '). 
using statistics with Gaussian errors over the energy 
range 0.4-7.0 keV. Metal abundance was fixed at 0.3.^0, 
and a Galactic neutral hydrogen column density of 1.23 x 
lO^^cm"^ (obtained wit h the Chandra COLDEIs|f| tool, 
iDickev fc LockmanI [l990l ') was adopted in all fits. Quoted 
errors on parameter values correspond to 90 per cent con- 
fidence for one interesting parameter (Xmin + 2.7, all other 
interesting parameters are allowed to vary). The spectral in- 
dex for non-thermal components, a is defined as 5*;^ oc 
The photon spectral index is F = a -I- 1, and the number 
power-law spectral index of radiating electrons is p = 2a -(- 1 
if the radiation has a synchrotron or inverse-Compton origin. 

4.1 Background Estimation 

4.1.1 Chandra 

The radio structure of 3C 35 (about 13' in the north-east 
to south-west direction) extends across all four chips in the 
Chandra ACIS-I field of view, and the emission from the 
lobes is faint and diffuse, making the selection of an ap- 
propriate background region difficult. We examined spectra 
extracted using three distinct background regions; a small 
local background region close to the lobes (possibly includ- 
ing cluster gas), a larger local background, and a blank sky 
background event file from the Chandra CALDB. The three 
analyses gave statistically consistent results, with the large 
local background producing the best fits and smaller param- 
eter errors. Consequently, only the spectral results obtained 
with the large local background region (Figure |SJ are de- 
scribed in this paper. 

^ http:/ /cxc. harvard.edu/toolkit/colden.jsp 
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Table 2. Principal emission lines used in the model, 



Ion 


Energy (keV) 


Ion 


Energy (keV) 


Cv 


0.299 


O VIII 


0.653 


Cvi 


0.367 


Neix 


ft! 0.9 


Nvi 


0.420 


Nex 


1.022 


Nvii 


0.500 


Mgxi 


1.330 


Ovii 


0.561 


Si XIV 


2.000 



10 [ 



+ 2-8keV 

+ 0.52-0.75keV 



+ ++ + 



4.1.2 XMM 

We reduced the flare-free XMM data using the XMM-ESAS 
software package. We chose to model the background rather 
than use a local background region due to the large extent of 
3C 35 and the spatial variability of the background; in par- 
ticular instrumental emission lines are not uniform across 
the detectors. Blank-sky files were also inappropriate; resid- 
ual soft proton and Solar Wind C harge eXchange (SWCX ) 
contamination are highly variable (|Kuntz fc Snowdenl2008l ). 
and the periods of high flaring during our observation make 
calibration to the blank-sky files difficult. We modelled the 
off-source background using spectra extracted from a rectan- 
gular off-source region, west of the lobes of 3C 35 and away 
from the gas-belt and group-gas extraction regions. Our 
background model was then included in fitting the source 
emission. 

We follow the prescription of lSnowden k, Kunt j (|201lh 
to model the XMM background component. The XMM- 
ESAS task mos_back generates a model quiescent particle 
background (QPB) spectrum using data from the FWC ob- 
servations and unexposed corners of the MOS CCDs (sim- 
ilarly, pnJoack generates files for the pn CCDs). The qui- 
escent instrumental background is excised from the data, 
while additional components must be modelled explicitly. 
Instrumental Al Ka and Si Ka lines were fitted with an un- 
absorbed Gaussian of zero intrinsic width at energies 1.49 
and 1.75 keV for the MOS detectors, and Al Kq for the 
pn (the energy range for the pn data was restricted to 
Q.4.< E < 7.2 keV due to difliculties in modelling the QPB 
at high energies). SWCX comprises a significant fraction of 
the X-ray background at i? < 1 keV, and it is usually ob- 
served in the form of a long-term enhancement during an ob- 
servation. SWCX emission originates in the heliosphere; the 
high charge state ions in the solar wind interact with neutral 
atoms, thereby gaining an electron in a highly excited state. 
The electron subsequently decays by emission of X-rays, pro- 
ducing a background that is strongly depend ent on the solar 
wind proton flux and heavy ion abundances (|Snowden et al.l 
I2OO4I : Koutroumpa et"aLll201ll '). Prominent SWCX emission 
lines include those from [O VII] and [O VIII ] (see the ESAS 
co okbook and tabl e 3 of Carter et al.l HoiJ)). As suggested 
by ISnowden et al.l (|2004 ) , we examined the Hght curve in 
the 0.52-0.75 keV band and the 2-8 keV band (Figure [T]). 
The low energy curve (which contains the majority of the 
[O VII] and [O VIII] emission) showed a systematic drop in 
the average intensity after about 5 x 10* s compared to the 
hard band, indicative of a change in state of the SWCX. We 
therefore include the emission lines for the ten lines listed in 
Table [2] in subsequent modelling. 

Diagonal response matrices and a power-law, not folded 



2x10"i 3x10'' 



4x10^ 5x10^ 
Time [s] 



6x10^ 7x10^ 



Figure 7. XMM pn light curve of the full field of view (after 
filtering for periods of soft proton flaring, see ^2.11 1 for the 0.52- 
0.75 keV band and the 2-8 keV band in counts s~^. Each light 
curve was created for events with data flag FLAG=0, i.e events 
not from or near a bad pixel, and binned by 720 s. The X-ray count 
rates do not have the particle background subtracted. The mean 
count rate per bin was corrected for any reduction in exposure of 
that bin, and the error shown on each data point is the standard 
error on the mean {a/\/N). The hard band shows some minor 
scatter, indicating a low level of residual contamination by soft 
proton flares. The soft band includes the majority of the [OVII] 
and [OVIII] line emission, which is associated with SWCX. At 
roughly 5 X 10* s, there is a significant drop in the 0.52-0.75 keV 
band, highlighting the variability of the SWCX emission. 



through the instrumental effective areas, were used to model 
the residual SP contamination (Figure 1101 the solid dark 
blue lines show the contribution of the fitted residual SP 
background for each detector). The cosmic X-ray back- 
ground (CXB) was modelled by an unabsorbed thermal 
component representing emission from the heliosphere (i5 « 
0.1 keV), an absorbed thermal component representing emis- 
sion from the hotter halo/intergalactic medium [E ~ 0.25 — 
0.7 keV) and an absorbed power-law of q « 1.46 to repre- 
sent the unresolved background sources. We used the local 
RASS spectrunfl to constrain the contribution of the cosmic 
background (Figure [TOl lower blue line). 

The best-fit model to the off-source data has = 98.4 
for 116 degrees of freedom. The best-fit indices and normal- 
isations (and their 90 per cent errors) for the SP power-law 
and SWCX lines were used to constrain those background 
components for the on-source model, whilst the RASS data 
serve to constrain the contribution to the on-source fit from 
the CXB components. 



4.2 The core 

We extracted the Chandra spectrum of the weak X-ray core 
from a circle of radius l"(1.3kpc), using the same back- 
ground regions as defined in tj4.1.1l Although the statis- 
tics are poor (there are 9 ± 3 net counts, see Table [3)), 



^ The HEASARC X -Ray Backgrou nd Tool can be found at 
I http: / /heasarc . gsfc . nasa . g ov / cgi- bin/ Tools /xraybg/xraybg.pl | 
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we are able to derive a weak constraint on the nuclear lu- 
minosity. Assuming an unabsorbed power-law representing 
the n uclear X-ray continu um, modified by Galactic absorp- 
tion (jBelsole et al.l [2OO6I ). the best-fit (using C-statistics) 
photon index and IkeV flux density are F — 1.2 ± 1.0, 
5*1 kov = O.6II0 39 nJy. This corresponds to an unabsorbed 
0.4-7.0 keV luminosity of 8 x 10*° erg s~^ , which is much less 
than the average core luminos ity of L2-iokGV > 10'*'' ergs~^ 
found bv 'Be lsole et all l|200dh for 10 higher redshift FRII 
radio galaxies (0.5 < z < 1.0). The slope of the power 
law is consistent wi th the samp l e of 2 2 low redshift radio 
galaxies studied by lEvans et al.l ()2006h . who find that X- 
ray core components with low intrinsic absorption have a 
steeper mean photon index (F = 1.88 ± 0.02) than those 
with intrinsic absorption greater than 5 x lO^^cm"^. The 
5 GHz flux density of the nucleus of 3C 35 is roughly 12 mjy, 
based on our 1.4 GHz map and a spectral index of 0.7. This 
places 3C35 in a typical Lx/Ln location for the population 
of galaxies that have a nuclear co mponent with intr insic ab- 
sorption less than 5 x 10^^ cm"^ (|Evans et al.ll2006l . fig 2b). 
We conclude that there is no evidence for a luminous hidden- 
core X-ray component in 3C 35. 

Assuming all the core counts are associated with a cool 
corona and not emission from the AGN, we also fitted the 
core with a thermal model. The data are best fit with an 
APEC temperature of 3.1^1*6 ^eV. Although the upper er- 
ror is unconstrained, there is no indication of a cool core. 
We froze the temperature to that found in the gas belt 
{kT = 1.28 keV, gM]), and found a 0.5-2.0 keV luminos- 
ity of 2.5 X 10"° ergs"*, although the fit was poor. This 
would place 3C 35 at the extreme high-luminosity end of 
the 1.4 GHz population of radio galaxies that host an X-ray 
corona (|Sun et al.ll2007l . fig 6a). The core is unresolved in 
the Chandra data and the counts are concentrated within 
< 1 kpc of the nucleus. Therefore, the core X-ray emission is 
most likely dominated by an active nucleus, and is unlikely 
to be associated with a cool core. 



4.3 Lobes 

4-3.1 Chandra 

The Chandra spectrum of the lobe X-ray emission was inte- 
grated within a radio contour of 0.5mJy/beam (delineated 
in Figure [8|, excluding point sources and chip gaps. Fig- 
ure [9] shows the spectrum of the lobes, after subtracting a 
background spectrum using the background region defined 
in Figure [8l Data are grouped to a minimum of 30 counts 
per bin. The net count rate and area of the extraction region 
are given in Table [S] 

The lobes are best fltted with a power-law model, with 
parameters as given in Table [4] The best-flt photon index 
F = 1.79to'34 is consistent with that of the radio spectrum 
(0.6 < Qfr < 0.8 between 73.8 and 327.4MHz, OlO). Under 
the assumption that ax = Qr (in common with e.g., ISll), 
we flx F = 1.7 and add an xspec APEC model to the flt 
to model any thermal gas in the lobe region. We flnd a 
slightly improved flt with the addition of an APEC compo- 
nent (x^/dof=20. 15/19), although the uncertainties are such 
that the normalisation of the APEC model is consistent with 
being zero. 




Figure 8. Chandra image of 3C35 in the energy range 0.4- 
7.0 keV. Data are binned by 4 and smoothed with a Gaussian 
function of tr = 8 pixels (Ri 16"). A radio contour of 0.5 mjy/beam 
is used as the source region for spectral extraction. The back- 
ground (labelled bkg) is defined as the region outside the large 
dashed rectangle centred on 3C 35, but within the dashed square. 
Point sources and chip gaps are excluded from both regions. 



0.02 




1 2 5 

Energy (keV) 



Figure 9. Chandra background subtracted, 0.4-7.0 keV spectrum 
of the diffuse emission fitted with a power-law model plus Galac- 
tic absorption (Table |4j. The lower panel shows the residuals' 
contribution to x^- 



4-3-2 XMM 

We extracted spectra integrated within a 0.5 mJy radio con- 
tour of the lobes (excluding the contribution from point 
sources). The net count rates for each detector are given 
in Table |3] We performed a combined flt of the EPIC 
MOS and pn spectra (Figure [TOj, excluding energies out- 
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Table 3. Properties of the regions used for spectral extraction. Net count rates are measured in 0.4-7.0 keV. For Chandra, the number 
in brackets is the fraction of counts in the extraction region attributed to the source. For the XMM data, 'net' refers to the source, 
instrumental line, SWCX, SP, and CXB emission, minus the QPB background, i.e. only the QPB is excised from the data before fitting. 
Area is the net solid angle of the region, after excluding chip gaps, damaged CCDs and background sources. 





Net count rate (10 


-2cts-i) 






Area (arcmin^) 






Chandra 


MOSl 


MOS2 


pn 


Chandra 


MOSl 


MOS2 


pn 


Lobes 


2.75 ± 0.23 (23.8%) 


6.59 ±0.21 


6.91 ± 0.20 


17.35 ±0.38 


31.3 


24.4 


23.7 


30.3 


Gas belt 


0.50 ±0.11 (17.3%) 


1.21 ± 0.08 


1.29 ±0.07 


3.41 ± 0.16 


3.58 


4.45 


4.38 


4.06 


Core 


0.035 ± 0.017 (98.5%) 








0.001 








Group gas 


0.54 ± 0.43 (2.1%) 


1.63 ±0.1 


1.46 ±0.1 


4.15 ± 0.21 


94.7 


12.6 


12.6 


12.6 



Table 4. Summary of the power-law model fitting to the lobes 
of 3C 35 for XMM and Chandra. The Galactic neutral hydrogen 
column density is frozen for all fits. 



as emission from the gas belt, which runs orthogonal to the 
lobe region and is visually the most prominent feature in the 
X-ray map after the lobes (see Figure [3]). 



Model parameter 



Chandra 



XMM 



Nil (10^2 cm-2) 


0.123 


0.123 


F 


1 7Q+0.39 


t.»8_0 Ig] 


Sikev (nJy) 




70+2.92 r+6.69l 
11 . 'O_2.9gl_6.29l 


xVdof 


22.11/20 


214.75/213 



side 0.4 < E < 7.0 keV, and making use of the ofT-source 
fit to model the XMM background ( H4.1.2p . Table g] sum- 
marizes the parameters from the best fit. The first set of 
errors are statistical 1.65cr(90%) values and the second set 
include 1.65cr errors on the background components also be- 
ing fit. The source emission is well fitted by a power law 
with a photon index F = 1.88 ± 0.11 and a fiux density at 
IkeV of SikoV = 48 ± 3nJy, which is consistent with the 
Chandra fit. Under the assumption that ax = Qr, we fix 
r = 1.7 and add an APEC model in order to test for ther- 
mal emission in the lobe region. Although hinted at in the 
Chandra data, the small component of thermal gas in the 
lobe region was not constrained. We froze the background 
components to the values for the power law alone, assumed 
their contribution to the error is zero, and derived a best-fit 
temperature of 1.6to'g keV and an absorption-corrected 0.4- 
7.0 keV luminosity of 2. Sit*:?;) X ergs"^; this indicates 
a thermal contribution to the total luminosity of the lobe 
region of roughly 7% . This is consistent with the results for 
the ^ 

use //-band (1.6 /^m) HST data to 



gas belt in f 


I4 


41 


iFlovd et al. 


( 


2008^ 



model the host galaxy of 3C 35, and derive a best-fit half- 
light radius (re) of 4.6 kpc. If we assume emission from the 
host is truncated beyond 2re, the XMM PSF (15") is large 
enough to include all X-ray emission from the volume of 
the optical galaxy. Since a region the size of the PSF was 
excluded from all spectral fitting, and our lobe fit is over 
the entire lobe region (1 Mpc in diameter; large even for 
cluster gas) we interpret the detected thermal component 



4.4 Gas belt 

We extracted Chandra spectra from a region we defined as 
the gas belt (Figures [3] and 2)) , orthogonal to the lobes of 
3C 35, excluding point sources and chip gaps. We have fitted 
several models to the 124 on-source, background-subtracted 
counts. Data are grouped into 32 bins of 32 channels width, 
and we used the C stati stic, which performs b etter than 
in the low-count regime (|Nousek fc Shuelll989l ). XMM spec- 
tra were also extracted from the MOSl, M0S2 and pn detec- 
tors for the belt region. The net count rate for each detector 
is given in Table [3] We modelled the XMM background as 
described in H4.1.21 making use of the off-source parameters 
to constrain the contribution of the background to the on- 
source fit. The Chandra spectra are shown in Figure [TTl and 
best-fit parameters for both instruments are given in Table 

El 

The gas-belt XMM data fit a single APEC plasma model 
(with a fixed metal abundance at 0.3.^0 ) of temperature 

2.5 keV. We also fitted the data with an absorbed power-law, 
and find an acceptable fit with a photon index of F = 2.1, 
suggesting the spectra cannot exclude non-thermal origin. 
A combination of an absorbed APEC + power law (with a 
fixed photon index F = 1.7) is the best-fit model. This fit 
gives a lower temperature of the gas, kT « 1.0 keV, and 
smaller xspec normalisation as compared to the single APEC 
model, and there is a good agreement between the XMM and 
Chandra measurements. The fiux density of the power-law 
component is roughly 5.0 nJy, although the uncertainties are 
large. We attempted to allow for a varying F, but the fits 
then became unconstrained. 



4.5 A detection of extended group gas 

We extracted the Chandra spectrum from a large region sur- 
rounding 3C 35 (within a circle of radius 400") but excluding 
all point sources in the field, the lobes and the gas-belt re- 
gion; a net extraction region on the sky of approximately 95 
square arcminutes. We chose the same background region 
as for the lobe spectral extraction, excluding the circular 
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Energy (keV) 

Figure 10. XMM data and best-fit model of tlie diffuse emission 
from the lobes of 3C 35 and X-ray background. Top panel: MOS 
on-source data from 0.4-7.0 keV (pn in grey for comparison). The 
black and red lines are the composite MOSl and MOS2 models 
respectively, the blue peaks are the Al Ka and Si Ka instrumental 
emission lines, the orange lines are the cosmic x-ray background 
components. The green dashed lines show the SWCX emission 
lines at [OVII] 0.565 keV, [OVIII] 0.65 keV, [NelX] 0.89 keV, 
[NeX] 1.053 keV and the purple/dark blue solid line is the uncon- 
volved power-law representing residual SP emission. The lower 
blue line and 5 blue crosses show the RASS data and best fit 
used to constrain the XMM CXB background. The dashed black 
line is a power-law representing the source emission from the re- 
gion. The lower panel shows the residuals as their contribution 
to x^- Bottom panel: pn off-source data from 0.4-7.0 keV, model 
components as above. 



on-source region. The data were grouped into 32 bins of 32 
channels width. We fitted an absorbed APEC model using the 
C-statistic, and found a best-fit temperature of kT « 1 keV, 
and an xspec normalisation of 6.2x 10~^ cm~^ (corrected for 
excluded volumes). However, the group emission is weak, we 
could not constrain either of these values. Instead we assume 
these provide upper limits on the 0.4-7.0 keV luminosity of 
the group gas encompassing 3C 35, Lgroup ^ 6.3 x lO^'^erg s~^ 
(corrected for excluded volumes). 

We also extracted the XMM spectra for a rectangular 
region (12.6 square arcmin, 4' to the west of the core) ad- 
jacent to the gas belt. We chose a small region offset from 
3C 35 rather than the 400" circle, due to the difficulty in 
modelling the XMM background over large areas. We mod- 
elled the background components in our extracted region as 



io-« 



^ -10-' t 
E 



10-W z^- 
5x10-' - 


-5x10-' - 

-10-' 




Energy (keV) 




1 2 
Energy (keV) 




1 2 
Energy (keV) 

Figure 11. Chandra background subtracted 0.4-7.0 keV spec- 
trum of the emission from the gas belt, fitted with top an APEC 
model, best-fit temperature of 3.0 keV, middle a power-law with 
a free photon index, F 2.2 and bottom an APEC model (red dot- 
ted) plus power-law (black dashed) with a frozen F = 1.7, best-fit 
temperature of gas ft: 1.0 keV. All models include Galactic ab- 
sorption. (Table Is}. The lower panels show the fitting residuals 
i.e., the data minus the folded model. 
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Table 5. Best-fit parameters of the emission from tlie gas belt of 
3C 35 for XMM and Chandra. Models are absorbed APEC, power- 
law and APEC plus power-law. N is tlie APEC normalization quoted 
in units of 10" ^''{l -I- z)^ / n^n^dV / iTTD\. 



Model parameter 


Chandra 




APEC 






kT (keV) 
Ar(10-5cm-5) 


'-'•'^^-1.85 

4 7q+l'22 
^- ' ^—1,09 


r, 17+0.50 r+0. 42, 
c- iR+0.65r+0.99, 




cstat 


24.30/29 


POWER-LAW 






r 

SikcV (nJy) 


r, 17+0.76 
^■^'-0.65 

9.08t-« 


9 1 1 +0.22 r+0.32i 
^■-'--'--0.21 1—0. 20J 

10 20+^'l^[+^-"l 

lU.ZU_j^ jg[_2 ggj 


X^/dof 


cstat 


21.59/29 


APEC + POWER-LAW 






kT (keV) 

A^apoc (10-5 Cm-5) 


1.361?:°^ 


1 90 + 0.41 r+1. 59, 

^■^°-0. 301-0. 21J 

9 90 + 1.78 r+1.661 

^•^"-1.20 1—1.591 


r 


1.7 (frozen) 


1.7 (frozen) 


SikcV (nJy) 


c Q4+3.58 

^■'^^-s.os 


c- 1 7+1.98 r+2. 25, 
'^■-^ ' -2.38 L-4.5ll 


xVdof 


cstat 


19.97/28 



Table 6. Summary of the APEC fitting to the group gas surround- 
ing 3C 35 for XMM and Chandra. The Galactic neutral hydrogen 
column density is frozen for all fits. N is the APEC normalization 
quoted in units of 10-"(1 -I- z)'^ f UeUpdV/AnD^, corrected for 
excluded volumes. 



Model parameter 



Chandra 



XMM 



kT (keV) 



iVapec (10-5 Cm-5) 



6.2 



1 

+7.2 



xVdof 



6.2 

cstat 



U.9_o.4 

g 3+8.0 
'-'•■^-3.9 

44.38/58 



in ^4.3.2l and derived best- fit parameter values assuming no 
error on the background components. The fit is good (re- 
duced = 0.77). The XMM data are in good agreement 
with the Chandra data: we measure a group gas temperature 
of kT = O.Qtll keV. We assumed the group gas occupies a 
sphere of radius of 400" centred on 3C 35 {V ^ 1.4 x lO'''^ m^) 
and assumed constant density, as the poor count rates pre- 
vent us extracting a density profile. We scaled the XMM 
measurement extracted from the smaller region up to this 
volume (a factor of roughly 10), accounting for projection 
effects in measuring the group-gas emission 4' away from 
the centre of the sphere. The 0.4-7.0 keV luminosity of the 
group medium is then Lgroup = 7.1'^i\^^^ x lO**^ ergs"^. This 
value is consistent with Chandra, although the assumption 
of constant density used in scaling the XMM emission is very 
rough. 



Table 7. Physical parameters based on the X-ray emission from 
the lobes of 3C35. The photon index is fixed at the radio syn- 
chrotron index, errors correspond to 90 per cent confidence for one 
interesting parameter. Lx is the absorption-corrected 0.4—7.0 keV 
luminosity of the iC component. The errors on the derived phys- 
ical parameters from the measurements are based on errors in- 
cluding the uncertainty on the background components. 



Parameter 


Chandra 


XMM 


r 

•S'lkcV (nJy) 
xVdof 

Lx (10"'^ ergs-i) 


1.7 (frozen) 
39.75 ± 4.88 

22.31/21 

q CI +0.43 
■J-3-'--0.44 


1.7 (frozen) 
42.41 ± 2.25[tt-ll] 

214.39/216 
3.87±0.21[±0.36] 


Bmc (10-10 T) 

Pmo (10-14 Pa) 

Bic (10-10 T) 
Mb (10-15 Jm-3) 
Up (10-14 J m-3) 
P(10-i4Pa) 


1.58±0.04 
0.72±0.04 
0.90±0.12 

n 99+0.92 
■J-^''_0.80 

•J-'J'J_0.82 
1 19+0.35 
1-1^-0.24 


1.58±0.04 
0.72±0.04 
0.87±0.1 
3 ni+° ''3 

■3-Ui_o.g5 

q 90+1.03 

■^•^■^-0.80 
1 10+0.32 
1-1^-0.24 



5 DISCUSSION 

5.1 Physical parameters of the lobes 

The lobe X-ray spectra are well described by a power 
law (Table |4]); the agreement between X-ray spectral index 
(achandra = 0.79lo 34, oxMM = 0.88 ± 0.11) and the radio 
spectral index between 73.8 and 327.4 MHz (0.6 < a,- < 0.8) 
is consistent with the interpretation of the X-ray power-law 
component as inverse-Compton emission from a population 
of electrons in the lobes that is also radiating synchrotron 
radio emission. 

In order to diagnose energetics in the lobes, we fixed 
the radio synchrotron index at a,. = 0.7. The number den- 
sity spectrum of radiating electrons was assumed to be a 
power law of the form oc 'y^^'+i, where the Lorentz fac- 
tor is lO'^ < 7 < 10^. Source volume was calculated as 



< 7 < 

75 X lO^kpc^, and the radio flux density was estimated 
as Sr = 2.4 ±0.2 Jy, based on ou r 1.4 G Hz VLA image. 
Referring to IWorrall fc Birkinshawl l|2006l ). we derived a 
minimum-energy magnetic field Bme = 0.16 nT (in agree- 
ment with OlO) assuming a filling factor of unity, no rel- 
ativistic protons, and no relativistic bulk motions. Table [7] 
shows the minimum-energy parameter^ 

We measured the corresponding inverse-Compton X- 
ray flux density (assuming CMB seed photons) from the 
power- law flt to the lobes with a photon index of 1.7. We 
assume all X-ray emission from this region is from the iC 
mechanism. The 1 keV X-ray flux densities are shown in 
Table [T] we calculated the magnetic field in the lobes to 
be Bic ~ 0.09 nT, which is about 1.8 times lower than 



At minimum energy, the energy in the magnetic field ub = 

where B 



Up(a + l)/2, and total pressure (Pa) Pn, 
is in Tesla. 



(3 + a)B^^ 

6(i+q)mo 
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esti mated under the min imum-energy condition, consistent 
with lCroston et al] l|2005l ) who reported electron dominance 
{B\c ~ 0.7Bme) in the lobes of 33 other FR II radio galaxies 
and quasars. We then find the internal pressure in the lobes 
to be 1.2 X 10~^^Pa, slightly higher than predicted under 
the minimum-energy assumption. 

Using equations [2l and l3l ( i)5.3[) . we calculated the con- 
fining pressure of the group environment as defined by the 



fits discussed in q43]to be 1 



S+7.9 



X 10""* Pa. The lobes have 



comparable pressure with the external medium, within the 
uncertainties, although the assumption of hydrostatic equi- 
librium does not exclude some additional pressure source in 
the lobes. Strong electron or magnetic dominance are dis- 
favoured because of the constraints from the iC emission. A 
relativistic proton component or decreased filling factor can 
provide additional pressure, as can extension of the electron 
spectrum to lower energies. A possible alternative source 
of pressure in the lobes is a population of old electrons near 
the inner regions of 3C 35, steepening the electron spectrum. 
The power-law component of the gas-belt fit adds favour to 
this explanation, since we find it can be well described by 
increasing a towards the inner regions of 3C 35. This is ex- 
amined in more detail in H5.3I 

To make a comparis on to the 33 radio sources analysed 
by ICroston et all (|2005h . we calculate R, the ratio of ob- 
served to predicted X-ray fiux at equipartition. The 1.4 GHz 
radio map predicts a minimum-energy magnetic field of 
Buic ~ 0.16 nT and therefore R « 2.8, i.e., the lobes are 
electron dominated. This falls within the nar row distribu- 
tion of _R-values found bv lCroston eTal] (|2005l '). 

We measured the temperature of the group medium 
to be kT = 0.9^0 4 keV. The ratio of surface brightness, 
E, of the lobe X-ray emission to the surface brightness of 
the group medium differs by more than an order of magni- 



tude, Ei?^-/E| 



30. The group gas surrounding 3C 35 



has a bolometric luminosity o f Lboi ~ 10 ergs 
ing a temperature of 0.9 keV. ICroston et al.l ()2008 
ined the luminosity-temperature relation for a sample of 9 
low power FRI radio galaxies in group environments com- 
pared to radio-quiet groups. They found that groups con- 
taining extended radio sources have a higher temperature 
for a given X-ray luminosity. Their best fitting relation for 
the radio-quiet groups predicts a group gas temperature of 
~ 0.6 keV for the group g as surrounding 3C 35 , below the 
measured value. Following ICroston et al.l (2008), we calcu- 
lated whether it is possible for the radio source to raise the 
temperature of the group gas by 0.3 keV, the difference be- 
tween the observed group gas temperature and the tem- 
perature pred i cted b y the radio-quiet Lx — 7x relation of 
ICroston et aLl(|2005l ). The energy required to raise the tem- 
perature of the group gas within a sphere of radius 400" 



encompassing 3C 35 is Er, 



4 X 10''^ J. The total energy 



available from the current episode of radio activity, esti- 
mated as APV (this includes the energy stored in the lobes, 
which is yet to affect the environment) using the total lobe 
volume and the pressure in the lobes derived from the X- 
ray data (Table [7| is 10^^ J. Thus the radio source is suffi- 
ci ently powerful t o heat the group gas by 0.3 keV. However, 
as ICroston et al] (|200a ) point out, it is hard to exclude the 
possibility that, rather than the AGN driving the increase in 
the temperature of its environment, radio-loud AGN prefer- 
entially inhabit hotter than average group environments. 



Table 8. A comparison of results from the XMM and Chandra 
data (assuming the best fit to the gas belt; APEC -I- power-law) 
with those from IS 11 in the Suzaku fitting. IS 11 attribute the soft 
thermal component of their fit to thermal plasma emission from 
the host galaxy of 3C 35, which we compare to our measurements 
of the gas belt. 



Parameter 


XMM 


Chandra 


Suzaku 




0.4-7.2 keV 


0.4-7.0 keV 


0.5-10.0 keV 



Lobes + gas belt 








Lx (10''2 ergs-i) 


4.1 ±0.4 


3.7 ± 0.6 


9 9+0.8 
^•^-0.9 


Lobes 








Lx (lO^'^ergs-l) 


3.9 ±0.2 


3.5 ± 0.4 


1 4+0-5 
^•^-0.6 


Gas belt/host galaxy 








kT (keV) 


1.3 ±0.4 




1.3 ±0.3 


Lx (lO"*^ ergs-i) 


9 n + 1.6 
^■^-1.1 




7 c:+2.8 
'■^-3.7 



5.2 Comparison with Suzaku 

ISll integrate the 0.5 — lOkeV Suzaku spectrum within a 
large rectangular region containing the whole radio structure 
of 3C 35. They report iC emission associated with the lobes, 
as well as a soft thermal component attributed to thermal 
plasma emission from the host galaxy. We have separated 
these two components based on higher resolution Chandra 
data and more sensitive XMM data. Table |5] shows a com- 
parison of the luminosities measured from each component 
across the three detectors. Both this paper and the ISll 
analysis require careful subtraction of the X-ray background. 
Given this difficulty, the total X-ray luminosities measured 
for the lobes and gas belt of 3C 35 are in reasonable agree- 
ment. 

However, the 0.5-10.0 keV absorption-corrected lumi- 
nosity of the lobe iC component measured by ISll is a fac- 
tor of about 2 lower than the emission measured from the 
XMM and Chandra data. The ISll thermal component is 
just consistent within errors with the XMM luminosity of 
the gas belt and we derive a gas-belt temperature similar to 
that of the ISll thermal component. 

In H4.51 we reported an estimate of the luminosity of the 
group gas contained within a volume about 5 times larger 
than that of ISll; Lgroup = T.ltg^g" x lO"^ ergs~^ at a tem- 
perature of 0.9 keV. Therefore, there may be a contribution 
to the thermal component measured by ISll from group 
gas, which would lower the luminosity attributed by ISll 
to the host galaxy, bringing it more in line with the value 
we report for the gas belt. However, this does not explain 
the discrepancy between the iC measurements. We conclude 
that because of the poor spatial resolution of Suzaku, ISll 
over-allocated power to the mekal component of their fit 
and underestimated the total emission in the lobes, and in- 
cluded a contribution from group gas to the thermal com- 
ponent of their fit. 
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Table 9. Temperature, density and pressure of the X-ray emis- 
sion from the lobes, belt and group medium from the XMM data. 
The error in the volume is assumed to be 10% for the lobes and 
extended group gas, and 50% for the gas belt, to reflect our un- 
certainty on its shape. Lx is the absorption-corrected 0.4-7.0 keV 
luminosity attributed to the thermal component of the gas-belt 
fit, the iC component of the lobe fit, and the thermal component 
of the group-gas fit, corrected for excluded volumes. 



of uniform density is given by 



Parameter 



Lobes 



Gas belt 



Group gas 



kT (keV) 




-I 90+0. 41 
^•^"-0.30 


g+3-9 


Volume (10^6 m^) 


2.2±0.3 


9.3 ±4.6 X 10-2 


15.8±1.6 


rip (m"-^) 




440 ± 190 


"^-20 


P(10-"Pa) 


0.12±0.03 


2 0+1-^ 


'-'■^-0.1 


Lx (lO-^^ergs-l) 


3.9 ±0.2 


22+°-'^^ 


7+1-° 
-0.3 



5.3 The gas belt 

It is clear from the fits in ii4.4l tliat our spectra alone cannot 
prove the gas belt in 3C 35 to have either a thermal or non- 
thermal origin. An APEC model with Galactic A^h describes 
the data (reduced = 0.84) and the derived parameters are 
consistent across the two instruments, although the temper- 
ature is not well constrained. Similarly a power-law model 
(r = 2.1) also represents the data (reduced ~ 0.88). If we 
assume a thermal origin, the gas belt overlaps the lobe re- 
gion by about 1.4 square arcminutes (Figure[3|, and as such 
we might expect roughly 2 njy of the emission from the gas- 
belt region to be iC (assuming the flux density detected in 
the lobes). It was found that a power-law component added 
to the APEC model (with a spectral index consistent with 
the iC emission detected in the lobes) improved the fit. 

The temperature of a purely thermal model {kT ~ 
2.5 keV) is inconsistent with ISll, who find the tempera- 
ture of the thermal component to be about 1.3 keV. Sim- 
ilarly, if the gas belt is of purely non-thermal origin, our 
results are inconsistent with ISll's measurement of a ther- 
mal component that is stronger than the group emission 
we see. In what follows, we discuss the physical plausibil- 
ity of a gas belt emitting via a combination of mechanisms; 
APEC+power-law. Both the Chandra and XMM results are 
shown in Table O but we use the more precise XMM results 
in subsequent analysis^ 

Making use of lWorrall fc Birkinshawl (|2006l ). we calcu- 
late a density and pressure of the X-ray-emitting gas belt. 
The emission measure, defined in terms of the normalisation 
factor returned by xspec, N, is 



^q14^ ^ {l + zf Jn^npdV 
4-kDI 



(1) 



where Dl is the luminosity distance (9.14 x 10'^'' cm), V is 
the volume (cm^) and rip (cm""^) is the proton density. If 
rie « 1.18np due to the presence of elements heavier than 
hydrogen in the gas, the proton number density for a region 



1014N 47rD2 
(l + z)21.18V 



(2) 



The 

pressure, P (Pa) is given by 

P = 3.6 X 10""(npfcT) (3) 

where Up is in m^ and kT in keV (|Worrall et al.ll2012l '). We 
estimated the volume of the gas belt by assuming it is com- 
prised of a disk of radius r — 100" and height 50". The 
physical parameters for the gas belt are in Table |9] 



5. 3. 1 The origin of the gas belt 

The gas belt appears to be over-pressured compared to the 
group gas by an order of magnitude, although the errors are 
such that the belt and group gas could be in pressure bal- 
ance. The belt is more clearly over-pressured (by an extra 
factor of about 2) if we do not allow for a power-law com- 
ponent. This suggests that the belt is expanded gas from 
the central regions, rather than the backflow of group gas 
displaced by the lobes. While these scenarios would suggest 
different temperature structures in the belt, the errors on 
the temperatures are not well constrained and so we cannot 
investigate the origin of the belt in this way. 

A comparison of the mass of gas in the belt with that ex- 
pected in an elliptical galaxy provides a useful clue to its ori- 
gin. An elliptical galaxy will typically contain a hot gaseous 
corona, {kT ~ 1 keV) which has been accum ulated through 
mass loss during no rmal stellar evolution jPorman et alj 
1 19851 : lMathewslll990l ). Galactic coronae are observed to be 
largely unaffected by their host AGN radio jets, so that con- 
duction from the IG M into the coronae must be hea vily sup- 
resse d l|Sun et al.|[2007i . hereafter S07). As O ' Sulliv an et all 
2OIII ) point out, heating efficiencies > 1% by AGN jets 
would raise the temperature of the X-ray coronal gas to 
that of the surrounding ambient medium, but the jets tun- 
nel through the cool core with little interaction. Coronae, 
therefore, have posed problems for feedback models, since 
they can apparently provide enough gas to fuel an AGN for 
long periods, without being heated and swept away by the 
resultant radio jets. We investigate whether the belt may be 
a disrupted corona, the destruction of which would regulate 
the supply of distant gas to the central engine. 

S07 studied the coronae of 157 early-type galaxies, 16 
of which were identified with radio-loud AGN (Li.4ghz > 
10^3 WHz-i). Of the 27 coronae that were resolved in the 
sample, S07 do not state what fraction host radio-loud AGN. 
For the resolved subset, they found a typical coronal radius 
of 1-4 kpc, although several extend out to ~ lOkpc. The 
coronal X-ray gas masses were generally in the range 10^'^ — 
10* Mq. Following their sample, we use the term 'galactic 
corona' to refer to any component of gas with temperature 
0-6 <kT< 1.6 keV, mass < 10** M© and a radius < 10 kpc. 

We calculate the mass of the gas belt in 3C 35 to be 
Mboit ^ (3 ± 2) X 10^° Mq, two orders of magnitude above 
the coronal masses in the S07 sample. One of the most 
massive resolved coronae in the S07 sample was that of 
NGC7720, with a gas mass of « 10^ Mq. NGC 7720 hosts 
a large FRI wide-angle tail source, about 400 kpc^ in size. 
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and has a high 1.4 GHz radio power similar to that of 3C 35. 
The discrepancy in mass estimates could be attributed to 
the larger size and higher X-ray luminosity of 30 35 com- 
pared to NGC 7720, as well as extra mass accumulated via 
swe eping up IG M gas during expansion. 

ISunI (|2009l . hereafter S09) expanded on the S07 sam- 
ple of radio AGN hosting galactic coronae, presenting re- 
sults for 52 galaxies with Li.4GHz > 10^*WHz~^. Figure 
1 of S09 shows that BCG (brightest cluster galaxies) in 
kT < 2keV groups hosting galactic coronae fall in a re- 
gion of Lx/I'i.4GHz space separated from systems with large 
cool cores (LCC). The 0.5-2 keV luminosity of the gas belt is 
ibeit = 1.2l°;^xl0*^ ergs-\ and the 1.4 GHz flux of 3C 35, 
S = 2.4 Jy, corresponds to a luminosity of 2.5 x 10^^ WHz"^. 
If the gas belt originated from a corona, we would expect 
that during expansion its density, and therefore its lumi- 
nosity, would have decreased. At earlier times, we would 
expect Lcorona °5 ^boit Vbcit /Korona (the wcak dependency 
on temperature is ignored). If we adopt the maximum ra- 
dius of a corona measured in the S09 sample of coronae 
(25kpcf|, then for 3C 35 Lcorona = (5 ± 4) X 10*^ergs-\ 
S09 define a dividing line between systems with large cool 
cores (LCC, sources with cooling cores of cluster/group gas 
and a central isochoric cooling time of less than 2 Gyr) and 
systems with galactic coronae, according to their 0.5-2.0 keV 
luminosity; L0.5-2.0kcV ~ 4 x 10*^ ergs~^. 3C35 is beyond 
the S09 boundary for galaxic coronae. While our calculated 
Lcorona placcs 3C 35 iu the region allowed for a LCC, the 
extended group environment is weak f i|4.5l) and the cooling 
time of the gas is much longer than 2 Gyr ( ii5.4[) . rendering 
a LCC implausible. 

We therefore conclude that the gas belt surrounding 
3C 35 is not of coronal origin, as it is over-luminous for a 
scaled back coronal radius of 25 kpc and its mass is at least 
an order of magnitude larger than a typical corona of a single 
dominant elliptical galaxy. The optical host of 3C 35 has an 
extensive envelope, and although luminous, is not atypical 
for a central elliptical galaxy. There is one other source out- 
side the coronal class in fig. 1 of S09; 3C 388, a FRH galaxy 
to be included in a future sample of 'belted' radio sources 
(Mannering et al. in prep) exhibiting properties similar to 
3C35. 

An alternative interpretation of the gas belt is that it 
is accumulated gas lost from other galaxies in the group, or 
gas stripped from the host of 3C 35 by surrounding group 
members. 3C 285 [z = 0.079) is another system with inter- 
esting structure in t he thermal gas, also al igned orthogonal 
to the radio lobes (|Hardcastle et al"]|2007l . hereafter H07). 
H07 refer to this structure as a 'ridge', and measure a similar 
temperature of kT = 1.07I^q ji keV, a bolometric luminosity 
of 5.5 X lO^^ergs"^ (twice that of the gas belt in 3C35), 
as well as a slightly smaller gas mass of (2 - 3) X 10^'' Mq. 
H07 suggest the ridge is intrinsic to the system (rather than 
the interaction of the radio galaxy with the IGM), and may 
have even been present before the radio source switched on. 
It aligns well with the local distribution of galaxies and 
starlight (unaffected by the radio galaxy), so that a frac- 
tion of the gas in the ridge may have been stripped from 



^ although those systems with r > 10 kpc would probably be 
better classified as small cool cores 



the galaxies that merged to form the current host galaxy of 
3C 285. A case where an active merger aligns the gas content 
of several galaxies o rthogonal to the radio lobes is 3C 442A 
(jWorrafl et al.ll2007^ . 

To check the possibility that the gas belt in 3C 35 is 
the combined ISM from several nearby galaxies we used the 
NASA Extragalactic Database (NED to search for galax- 
ies within 6' (450 kpc) of 3C 35. A single galaxy is detected 
in the 2MASX survejo, at a separation of 5', and does not 
appear to be associated with 3C 35 (although there is no red- 
shift). By contrast, H07 find 12 objects classified as galaxies 
within a 5' (450 kpc) radius of 3C 285, 6 of which are opti- 
cally confirmed (via SDSS) to be associated with member- 
ship of the group. 

We examined the galaxj0 previously identified in 
the i/S'r/WFPC2 and DSS data (^U and Figure ^ us- 
ing the Infrared Array Camera (IRAC) on board Spitzer 
(Fazio et al. 2 004 ). We find the new galaxy to be about 
41 kpc offset from 3C 35 (assuming it lies at a similar red- 
shift), and at least 1.6 mag fainter. It is therefore likely to 
be a companion, but spectroscopic follow-up is needed to 
confirm this galaxy's association with 3C 35. Thus, although 
3C 35 may be associated with a few fainter galaxies, the large 
magnitude difference suggests that it is relatively isolated, 
certainly compared to 3C 285. 

The potential companion galaxies of 3C 35 are far too 
small to contribute significant gas or cause major distur- 
bance in 3C 35's gas. If the gas belt were a 'ridge' in the 
IGM, we would expect to have detected an X-ray cool core 
in the host galaxy, due to the prevalence of such cores in 
radio- loud systems (|Sun et al.ll2007l : ISunll2009l '). We find no 
evidence for a cool core in the host of 3C 35 f ^4.2|) . We note 
that although H07 do not cite any evidence for a cool core in 
3C 285, there is evidence of a recent merger that may have 
disrupted a cool core. 

A third possibility for the origin of the gas belt is that 
it is the residual of the expansion of fossil group gas, driven 
outwards by the radio lobes. Radio-loud AGN have been 
fo und to be prevalent in fossil group samples: iHess et al] 
(2012) find 2/3 of their fossil group sample to be radio- 
loud. 3C 35 roughly meets the standard criteria for a fossil 
group. Its closest companion is at least 1.6 mag fainter than 
3C 35 in the Spitzer IRAC data, and 3C 35 has an extensive 
envelope which is not well fitted, so that the two galax- 
ies may have a total brightness difference of about 2 mag. 
There are no other galaxies in the field of comparable lumi- 
nosity. The combination of a luminous central galaxy (the 
2MASS H-band host galaxy magnitude of 3C 35 of -25.17 
(|Skrutskie et al.ll2006l ) is within the top few per cent of the 
H-band luminosity function for local early-types, et al.l 
[2003) with a lack of neighbouring galaxies makes this sys- 
tem a convincing candidate for a fossil group. Fossil groups 
for which the temperature has been m easured range from 
0.66 to 4keV (|Khosroshahi et al.|[2007l ). consistent with the 
temperature we measure for the gas belt. 

The 1.4GHz luminosity of 3C35 is 2.5 x lO^'^ WHz'^ 



http:/ /nedwww. ipac.caltech.edu 

2 Micron All Sky Survey Extended objects, 
|http://www . ipac.caltech.edu/2mass/ 

RA, 5 = 01'^12™00=.038, -1-49'' 28'" 58". 57 
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(only one fossil group in the Hess sample is more radio lu- 
minous), yet the X-ray luminosity of the belt is low com- 
pared to the other fossil-group halos (Figure [121 right). But 
the belt volume for 3C 35 is also large (Figure [12] left). If 
3C 35's belt arises from expansion of a fossil-group atmo- 
sphere, we would expect Lfg 2; -f'bcitH>oit/VpG, and this 
line is plotted in the Figure. The increased luminosity of the 
halo for plausible expansion factors of about 10 brings the 
system more in line with the Hess radio-loud fossil groups 
(Figure [HI right). 

Therefore, we believe the most likely explanation for 
the appearance of a relatively bright gas belt in such a poor 
environment is via the driven expansion of fossil group gas. 
We may be witnessing the extreme end of feedback, where 
the radio lobes have almost destroyed the atmosphere of a 
fossil group that fed the radio AGN. 

The lobes and gas belt appear to be closely related mor- 
phologically (Fig. [31, and have likely influenced one another 
during their formation; we expect comparable ages for both 
features. The pressure of the gas belt is higher than that of 
the lobes, thus the belt is capable of having driven the radio 
lobes out of the central regions of the source, explaining the 
"pinch" in the contours of the radio structure between the 
lobes (Fig. [5)). The pressure ratio (see Table [5]) between the 
gas belt and the group medium is lllio- Using the Rankine- 
Hugoniot co nditions for a strong shock i n a monatomic gas 
(See §5.1 of IWorrall fc Birkinsha^ 120061 ) . this pressure ra- 
tio could drive supersonic expansion, although the implied 
Mach number, 3.0^2 2 permits much slower expansions. The 
temperature and density predicted for the shocked group 
gas by expansion at a Mach number of 3, are allowed within 
the large error 

The sound speed in the group gas around 3C 35 is 

Cs = 0.54(fcr/keV)°-^ kpcMyr^^ (4) 

or Cs — 0.5^0 3 kpcMyr^^. Assuming a Mach number of 3, 
'^adv = 1.6l5'5 kpc Myr~^. The expansion timescale of the 
belt is then theit = SOtgo" ^yr, for a belt radius of 130 kpc 
(3Sll- This is consistent with the synchrotron age of the radio 
source estimated by OlO of fsynch = 143±20 Myr. The errors 
however, are too large to properly test the idea that the radio 
lobes and gas belt evolved simultaneously. 

A fit to the gas belt of purely thermal origin (Table [5]) 
finds a higher value of the temperature of kT « 2.5 keV, 
a proton density of rip « 680 m~^ and a subsequent pres- 
sure of Pgaa ~ 6.0 X 10~^^ Pa. The belt would then be over- 
pressured relative to the group medium by a factor of about 
30. Following H5.3I we derive a Mach number from the pres- 
sure ratio of gas belt to unshocked group gas oi M ~ 5. 
We believe this to be unrealistic, as we find no evidence for 
shocks in the observations in the form of a bright edge to 
the gas belt. 

5.3.2 Fossil group or isolated elliptical? 

Some luminous elliptical galaxies are isolated, or reside in 
low-density environments, and may be mis-classified as fos- 

The predicted temperature ratio is about 3.7; we measure 
Tbelt /Tgroup = l-4^]^'2; similarly, P2/P1 ~ 3.0, and we measure 
Pbelt/Pgroup = ^ 



sil systems. I Jones et al.l l|2003l ) note that there are few field 
ellipticals with Lx > lO'^^ergs"^ that are not in the cen- 
tres of groups or clusters and theref ore have a contribu- 
tion to their X-ray halo from IGM gas. iMulchaev &: Jeltemal 
( 2010. ) study the Lx — Lk relationship for a sample of field 
early-type galaxies, and detect an X-ray thermal compo- 
nent in all field galaxies with K-hanA luminosities above 
Lx ~ 1.6 X 10^^ Lk,0 (more massive galaxies are able to 
retain their halos). The 2MASS Jf-band magnitudcH of 
3C35 is 12.17 (corrected for Galactic extinction), which 
correspo nds to Lk ~ 2.45 x 1 0^^ Lk .o- Using the corre- 
lation of iMulchaev fc Jeltemal l|2010l '). a 0.5-2.0 keV lumi- 
nosity of L^^° « (1.3 - 5.7) x 10'*°ergs-i is predicted 
for 30 35 from its stellar properties. We measure Lx'^'* = 
l-Slg g X 10^^ ergs~^. A ty pical radius of the X -ray gas in 
elliptical galaxies is 30 kpc (jMemola et al.ll2009l ). which cor- 
responds to a volume 30 times less than that of the gas belt. 
If 3C 35's belt arises by expansion of ISM in a field ellipti- 
cal, then we would expect L^^° = i.Qtxl x 10*^ ergs"\ an 
order of magnitude larger than the maximum 0.5 — 2.0 keV 
halo luminosity measured f or field ellipticals (4x10*^ ergs^^, 
IMulchaev fc Jeltemal lioiol ) . Fossil groups have been shown 
to have systematically high er Lx and Lb than f ield ellipti- 
cals and non- fossil groups (|Memola et al.l l2009l : [Hess et al] 
l2012h . thus we believe that the gas belt is likely to be ac- 
cumulated ISM plus IGM from a merged group of galaxies, 
rather than a hot gas halo surrounding an isolated field ellip- 
tical. To firmly distinguish between the two possible evolu- 
tionary scenarios (fossil group or isolated galaxy), a detailed 
investigation of the dark matter potential around 3C 35 is 
necessary. 



5.3.3 X-ray halo ejection and AGN fuelling 

The mass and age of the gas belt, as well as the morpholog- 
ical structure of the radio source provide a convincing argu- 
ment that the central AGN activity has disturbed the gas 
morphology of the fossil group's X-ray halo, causing an ejec- 
tion event and thus affecting the supply of large-scale gas to 
the central engine. We now address the physical plausibility 
of this scenario, given the power of the AGN outburst. 

If we assume the 3 x 10^" M© of X-ray gas in the belt 
is being ejected from the galaxy, then it has been given a 
kinetic energy C/beit ~ 10^^ J. The total energy available 
from the current episode of radio activity was estimated in 
i|5.1l as f/iobcs ~ 10*^ J. Thus the lobes can easily supply 
enough energ y to lift the belt ga s. 

Following lButtiglione et all l|2010l 'l. we derived the black 
hole mass from the hos t luminosity using the correlation of 
[Marconi fc HuntI l|2003l ) 

log(MBH) = -2.77 - 0.464 Mh (5) 

where th e optical host magnitu de of 3C 35 is —25.17 (2MASS 
Lf-band. ISkrutskie et al.ll2006h . giving a black hole mass of 
ALbh = 10*'^ Mq. How much of the ejected gas must remain 
in order to fuel the AGN? To produce energies of 10^'^ J 
in the radio structure, a mass of at least 10^'^ M© must 
have been accreted onto the central black hole. If the BH 
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Figure 12. Left: Halo 0.5-2.0 keV luminosity against halo volume for fossil groups from lHess et al. 1 | |2012|'I :[ Santos et al. 1 1I2OO7I I with the 
gas belt of 3C35 marked with a diamond symbol. Those systems with a radio-loud (> 10^^ WHz~^) AGN are shown in red. The line 
shows the luminosity and volume of the gas belt at earlier times, assuming Lfg oc ibclt^jclt/^FG- The errors on the volume estimated 
for the gas belt reflect our uncertainty on its shape. Right: 1.4 GHz radio luminosity against X-ray halo 0.5-2.0 keV luminosity for the 
same objects. 



is accreting from a thin disk at 1% efSciencj^, 

IS 

required after the ejection of the X-ray halo, i.e., less than 
1% of the gas mass of the belt, if left behind in the core of 
3C 35, would be sufficient to fuel the radio structure. 

It is conceivable, that the dynamic gas in the belt orig- 
inated as an X-ray halo of a fossil group, accumulated as a 
result of the merger of L, galaxies at z ~ 1, and was driven 
outwards by the expanding radio jets before continuing to 
expand outwards at the sound speed. Its mass is comparable 
to that of the X-ray emitting IGM in a fossil group system, 
and the luminosities of the gas belt and radio galaxy are in 
line with brightest fossil group radio galaxies. The appar- 
ent influence of the radio structure on the belt implies the 
two have likely affected one another over the past roughly 
150 Myr. At earlier times the lobes would have been over- 
pressured relative to the belt, and probably shaped its for- 
mation. The similar evolution timescales of the radio source 
and gas belt support the idea that their evolution was cou- 
pled. 

5.3.4 The non-thermal component 

The non-thermal component required in fitting the gas belt 
implies a detection of inverse-Compton emission. The ratio 
of the surface brightness of the lobe X-ray emission (Table[4]) 
to the X-ray surface brightness attributed to the power-law 
component in the belt is Ex'^'V^x" ~ l-O- This is inconsis- 
tent with the radio data; from the VLA 1.4 GHz radio map, 
the fiux density in the gas-belt region is 30 ± 2 mjy and 
so the ratio of lobe surface brightness to gas belt surface 
brightness S^''"7Ei?f" ^ 9.8. We would expect the X-ray 
and radio surface brightness ratios to be comparable, if the 
magnetic field strength and number densities of both the iC 
and synchrotron emitting electron populations are constant 

An efficiency of u p to about 0.4 is possible for > 10^ Mq BH 
toavis fc Laodf201lh . 



across the lobe and gas belt. In other words, in compari- 
son with the lobes as a whole, the belt region appears to 
be more successful in producing power-law X-ray emission 
than would be expected on the basis of its radio flux. 

There are three possible scenarios to explain the vari- 
ation of the X-ray/radio emission across the lobes and gas 
belt of 3C 35. (i) another process is boosting X-ray emis- 
sion from the central regions, (ii) a population of low-energy 
electrons in the central regions is contributing to the iC 
mechanism, or (iii) the magnetic field strength is varying 
as a function of position, such that the inner lobes are more 
electron-dominated. 

Nuclear photons (7 ~ 10^) and starlight are important 
as extra sou rces of seed photons for iC scattering in some 
sources (e.g.. iBrunetti et al.ll 19971 : IStawarz et al.l|2003l ). and 
could provide a boost in the non-thermal X-ray emission 
seen from the belt of 3C 35. Inverse-Compton scattering of 
nuclear photons should dominate at (projected) distances 
R\^pc from the core; 

i?kpc <70L46(1-m)^(1 + ^)"^ (6) 

where L46 is the isotropic nuclear luminosity (lO^^ergs"^) 
in the FIR to optical band and /i is the cos ine of the angle 
between the radio axis and the line of sight JComastri et al. 
12003"). We assume ^ = 90deg for 3C35. IChiaberge et al.l 
(2000) find an upper limit on the optical luminosity of 
3C35 to be i = < 2.63 x 10^^ ergs~^Hz-^ using Hub- 

7000 A to to 

ble Space Telescope (HST) data from the Wide Field and 
Planetary Camera 2 (WFPC2). Usi ng infrared UKIRT ob- 
servations of 3C 35 (|Lillv et al.lll985h , in four bands (JHKL) 
with fixed aperture size of 7.5", we deduce the integrated 
IR to optical luminosity of the core region to be Lm-opt < 
1.85 X 10"* erg s-^ 

Since the gas belt extends over 100 kpc in radius, but 
^kpc ^ 1-3, we conclude that iC scattering of nuclear pho- 
tons does not contribute significantly to any power-law X- 
ray emission from the belt. It is also unlikely that a boost in 
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gas-belt iC emission is due to the upscattering of starlight 
from faint galaxies in close proximity to 3C 35, although we 
cannot rule out some iC emission originating from this pro- 
cess. 

Scenario (ii), in which differences in the electron spec- 
trum are responsible for the variation in X-ray/radio ra- 
tio, seems favourable. A population of lower energy elec- 
trons may exist in the gas-belt region. These would raise 
the X-ray iC emission, but not significantly contribute to 
the synchrotron mechanism at 1.4GH[z. A steeper electron 
spectrum near the core (more older electrons) may add an 
additional component of pressure to the gas belt. A typical 
Lorentz factor for a population of electrons emitting syn- 
chrotron radiation at 1.4 GHz in a fixed magnetic field of 
0.09 nT is 7 ~ lO*". In the case of CMB seed photons, the 
iC emission requires electrons with 7 ~ 10'', the less ener- 
getic end of the synchrotron emitting population. 

Radio images of OlO (figure 1) support this explanation. 
The emission at low frequency shows a steeper radio spectral 
index near the core of 3C35: Ur changes from 0.6 to 1.7 
between 327 MHz and 1.4 GHz in the inner region of the 
lobes. A steeper spectrum implies more low-energy electrons 
near the centre of 3C 35 than we estimated in i]5.1l above. 
If we increase the spectral index from a = 0.7 to q = 1.2, 
assuming the magnetic field strength measured in the lobes 
of Bic — 0.09 nT, we would expect to measure an increased 
flux at 1 keV of 9.9 njy. This would give a surface brightness 
ratio of El?'''=7S5f" « 0.6. 

Model (iii) postulates a variation in the magnetic field 
strength with position. A lower magnetic field could reduce 
the synchrotron emissivity in the belt, but the electron pop- 
ulation could remain the same throughout the belt and lobe, 
accounting for the relatively uniform iC surface brightness. 
The observed X-ray and radio flux density are accounted for 
by iC scattering of the CMB in the belt if the magnetic fleld 
intensity is decreased to BiCbeit = 0.02 nT (for a = 0.7), a 
factor of about 8 lower than predicted for minimum energy. 
This would imply that the magnetic fleld strengths are closer 
to equipartition in the more distant regions of the lobes as 
compared to the inner regions. 

It is unlikely that magnetic fleld variations between the 
lobes and gas belt of 3C 35 or a population of lower en- 
ergy electrons can independently explain the uniform X-ray 
flux but apparent decreased radio flux across the belt and 
lobes of 3C 35. We speculate the most likely explanation is 
a combination of model (ii) and (iii), in which differences in 
both the electron spectrum and magnetic fleld strength in 
the belt are responsible for the variation in emission. Our 
flts can be explained if the electron spectrum is steepened 
to a = 1.2 and the magnetic fleld is increased from the lobe 
value to 0.12 nT in the gas-belt region. This is only a fac- 
tor of 30% higher than the magnetic field measured in the 
lobes, and about a factor of two less than predicted by a 
minimum-energy calculation. 

5.4 The role of AGN feedback in fossil groups 

In this paper, we have suggested that 3C 35 is destroying 
the surrounding IGM. We have found that the gas belt has 
an age comparable to that of the radio source and that 
the morphologies of the radio lobes and gas-belt point to 
co-evolution. The gas belt is unlikely to be asymmetrically 



aligned group gas accumulated from galaxies in the plane of 
the belt, as 3C 35 resides in a poor environment, neither is 
it consistent with disrupted galactic coronal gas. We favour 
the argument that the gas belt is expanded fossil group gas, 
driven outwards by the radio lobes. We have demonstrated 
that the radio source is powerful enough to unbind the group 
gas from the central galaxy potential well, and that only 1% 
of the mass of the belt is required to have fuelled the radio 
structure. 

We find the pressure of the external group medium to 
be up to two orders of magnitude lower than the gas belt, 
implying the belt is an expansion of gas from the central 
regions, rather than a backflow of heated IGM displaced 
by the radio lobes. However, without robust temperature 
measurements across the gas belt, we cannot completely rule 
out the latter scenario. A backflow could provide fuel to the 
AGN, continuing its outburst. This would be the type of 
feedback loop on scales of hundreds of kpc necessary for 
radio sources to respond to their large scale environments 
(a weakness of feedback models has been t he absence of 
a res ponsive mechanism over large distances, [Dubois et al.l 
I2OIOII . 

The detecti on of radio-loud AGN in fossil groups 
(|Hess et al.ll2012i . and this work) implies these systems are 
not as quietly and passively evolving as previously thought. 
The short lifetime of radio synchrotron emission (less than a 
few h undred Myr) after the source has turned off ( S un et al.l 
|2004| . and references therein) compared to the fossil group 
formation timescale inferred from simulations (several Gyr), 
as well as the long cooling time for the X-ray emitting 
gas (tcooi of the gas belt is estimated as 20 — 50 Gyr; 
IWorrall fc Birkinshawl I2OO6I . flgure 5) suggests that a rec- 
curing process drives AGN activity. 

The mechanisms governing the fuelling of AGN, and 
the processes involved in turning nuclear activity on and off 
in these dynamically old systems, remain unclear. In 3C 35 
it appears not to be merger-driven. We see no stucture in 
the HST and Spitzer images that might support a major 
merger in this system for more t han about 1 Gyr. The op- 
tical nuclear spectrum of 3C35 (|Buttiglione et al]|2009l ) is 
absorption- line dominated, with no sign of optical AGN ac- 
tivity or a recent strong burst of star formation (in the last 
f» 20 Myr). 

A relationship between AGN and their host galax- 
ies has been well documented (BH-bulge mass correlation, 
e.g. iFerrarese fc MerrittI I2OOOI ) and discussed in terms of 
AGN-induced feedback through several proposed mecha- 
nisms; AGN-driven winds, starburs t-drivcn supcrwin ds, and 
jet-in duced outflows (e.g.. [Holt et a l. 2008; Hanibric k et al.l 
l201ll . and references therein). AGN feedback remains the 
most likely mechanism to balance ra diative coo ling of the 
IGM in systems with large cool cores (|Sunll20f^ . and refer- 
ences therein). There has been no clear example of feedback 
between radio sources hosted in fossil systems and the large 
scale gas in the literature. 3C 35 could be the flrst case where 
we are seeing the X-ray halo of a fossil group during the end 
phase of disruption. 
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6 CONCLUSION 

We have discussed the extended X-ray emission seen in new 
XMM and archival Chandra observations of the FR II giant 
radio galaxy 3C 35. The properties of the lobes are consistent 
with earlier work (ISll, OlO), and show a clear detection 
of inverse-Compton emission. The implied departure from 
equipartition is comparable to the range observed in other 
sources. We report detections of an extended group-scale 
environment, and place weak constraints on the non-thermal 
emission from the nucleus. 

More importantly, we report the detection of a gas belt, 
orthogonal to the radio lobes and lying between the radio 
lobes seen in our 1.4 GHz radio map. We conclude that the 
X-ray emission from the belt is most likely a combination of 
thermal and power-law emission. The thermal component 
is likely to be from hot gas originating in L, galaxies 
that merged over a Gyr ago and was driven outwards by 
the expanding radio structure before continuing to expand 
at its own sound speed. The age of the radio structure of 
3G 35 is consistent with the lifetime of the expanded belt 
feature. The higher than predicted (from 1.4 GHz data) X- 
ray flux of its non-thermal component is attributed to a 
population of low energy electrons boosting iC emission in 
combination with positional variation of the magnetic field. 
3C 35's power is sufBcient to place it close to the peak of the 
distribution of radio power in the local universe, and thus 
in th e critical rang e where radio-mode feedback should be 
seen (IWorraHlbodg ). if it is indeed an important mechanism 
in the required regulation of structure evolution. 

In order to support the mechanism being common and 
to determine a possible age/power/environmental depen- 
dency on the ejection of the X-ray halos of fossil groups 
by radio-loud AGN requires a sample of potentially simi- 
lar cases. We are currently investigating a sample of nine 
such sources (Mannering et al. in prep). Simulations would 
provide beneflcial insight into this phenomenon. 
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